Transduction of the primate cortex with adeno-associated virus (AAV)-based gene therapy vectors has been challenging, because of the large size of the cortex. We report that a single infusion of AAV2 vector into thalamus results in widespread expression of transgene in the cortex through transduction of widely dispersed thalamocortical projections. This finding has important implications for the treatment of certain genetic and neurodegenerative diseases.
Transduction of the primate cortex with adeno-associated virus (AAV)-based gene therapy vectors has been challenging, because of the large size of the cortex. We report that a single infusion of AAV2 vector into thalamus results in widespread expression of transgene in the cortex through transduction of widely dispersed thalamocortical projections. This finding has important implications for the treatment of certain genetic and neurodegenerative diseases.
adeno-associated viral vector ͉ cortex ͉ gene delivery ͉ thalamocortical T he use of gene therapy vectors to deliver biologics to cortical regions has remained a challenge, due in large part to the physical constraints of effectively delivering a vector specifically to the cerebral cortex. Although multiple direct cortical infusions can be effective in small animal brains, as the architecture and volume of brain tissue increases in primates, it becomes almost impossible to achieve widespread cortical delivery through direct cortical infusions (1, 2) .
Over the last decade, adeno-associated virus (AAV)-based vectors have emerged as the preferred vector system for neurologic gene therapy, with an excellent safety record in multiple clinical trials (3) (4) (5) . To realize clinical efficacy, our group has focused on developing methods designed to distribute AAV vectors efficiently throughout target brain structures (6) . Simple injections do not distribute AAV vectors effectively, relying as they do on diffusion, which is effective only within a 1-to 3-mm radius. Our approach, known as convection-enhanced delivery (CED), was pioneered by Oldfield et al. (7) and has been used clinically in gene therapy (AAV2-hAADC) for Parkinson's disease (5) . CED also has been used to distribute nonviral particles, such as drug-loaded liposomes (8) (9) (10) (11) (12) (13) , to treat brain cancer. The underlying principle of CED is that infusate is pumped into brain parenchyma under sufficient pressure to overcome the hydrostatic pressure of interstitial fluid, thereby forcing the infused particles into close contact with the dense perivasculature of the brain. Pulsation of these vessels acts as a pump, distributing the particles over large distances throughout the parenchyma (14) . To increase the safety and efficacy of CED, we have developed a reflux-resistant cannula (15) and introduced monitored delivery with real-time MRI (16, 17) . Monitored delivery has allowed us to quantify and control aberrant events, such as cannula reflux and leakage of infusate into ventricles (18) . Anterograde (19) and retrograde (20) transport along axonal tracts is a consistently observed phenomenon in CED of AAV vectors. This remarkably efficacious process suggests that axonal transport might be able to mediate effective distribution to the primate cortex from the relatively compact thalamus, because axonal projections from the thalamus distribute widely to lamina III and IV of the cerebral cortex.
The prospect of being able to target widespread regions of the human cortex with AAV vectors that drive expression of secreted transgenes has obvious applications in Alzheimer's disease (21, 22) , lysosomal storage disorders (1, 23) , and perhaps other serious disorders with a strong cortical manifestation. Accordingly, we investigated the axonal transportation of AAV2 vectors along known thalamocortical projections in the rhesus monkey [nonhuman primate (NHP)]. Direct infusion of AAV2 vectors into the thalamus of NHPs resulted in the expression of transgenic reporter proteins by neurons located within the targeted thalamic nuclei and in multiple regions of the frontal cortex well beyond the tissue distribution achieved solely by direct infusion.
Results

Widespread Transgenic Protein Expression After Intrathalamic AAV2
Vector Delivery. AAV2-glial-derived neurotrophic factor (GDNF) drives abundant secretion of GDNF from transduced neurons, which can be visualized by immunohistochemistry and quantified by ELISA. After infusion of AAV2-GDNF into the thalamus by CED, extensive GDNF immunostaining was detected in the frontal cortex ipsilateral to the infusion site (Fig. 1) . The rhesus monkey thalamus is Ϸ1.0 cm 3 in size, as measured by MRI (D. Yin, personal communication), and the human thalamus is estimated to be Ϸ5.8 cm 3 by MRI (24) . Given these sizes, a non-CED injection would be very unlikely to distribute effectively within the thalamus. As shown in Fig. 1J , the expression of GDNF within the NHP thalamus was comprehensive but contained within the gray matter bounds of the targeted thalamic nuclei, with no evidence of infusion related leakage or reflux of the AAV2-GDNF vector into adjacent nontargeted areas. GDNF expression also was evident within the cerebral cortex, extending from anterior areas of the frontal lobe ( Fig. 1 A) to regions of the parietal lobe located above the midbrain (Fig. 1J) . This represents an anterior-posterior axis of 25 mm covering prefrontal association cortical areas (cortical areas 9 and 10; Fig.  1 A-C) , the premotor cortex (area 6; Fig. 1 D-F) , frontal eye fields (area 8; Fig. 1 G-I) , primary somatosensory cortical areas (areas 1, 2, and 3; Fig. 1 J-L) , and the primary motor cortex (area 4; Fig. 1J ), and includes expression in the cingulate cortex (areas 23, 24, and 32; Fig. 1 A, D , G, and J) and Broca's area (areas 44 and 45; Fig. 1D ). The cortical expression of GDNF was localized to the neuronal gray matter layers, with a distinct lack of GDNF-positive staining seen in the underlying white matter tracts. No GDNF staining was found in the contralateral hemisphere in any of the sections analyzed, nor was any staining noted in brain regions other than the thalamus and cerebral cortex. In addition to the intense staining of individual neuronal cell bodies and cellular processes, GDNF staining was observed across multiple layers of the frontal cortex with an intensity gradient that was highest in cortical laminae III and IV (Fig. 2) .
The macroscopically evident GDNF staining of large cortical regions correlated with the presence of GDNF-positive neuronal fibers and cell bodies; however, the overall intensity of immu-nostaining did not reflect the actual number of GDNF-positive neurons in a specific area when examined microscopically, with extensive noncellular staining indicative of secreted GDNF. Most GDNF-positive neurons within the cortex were identified morphologically as pyramidal neurons located in cortical lamina V/VI, with axonal projections into the overlying layers ( Fig. 1E and F). The density of GDNF-positive neurons was particularly high in the prefrontal cortex, where large numbers of nonpyramidal neurons were observed in laminae II-IV ( Fig. 1 A-C) .
The levels of GDNF protein present in the thalamus, striatum, and various cortical areas were quantified 6 months after AAV2-GDNF delivery. Levels in the vector-infused thalamus ranged from 12 to 40 ng per mg of protein (Ͻ 0.6 ng in the contralateral hemisphere), and those in the ipsilateral frontal cortex ranged from 1 to 7 ng per mg of protein (with no GDNF detected in the contralateral cortex). The values shown in Fig. 2 indicate the approximate correlation of GDNF quantification with GDNF immunostaining from an adjacent coronal tissue block.
Thalamocortical Trafficking of AAV2 Vector and Transduction of
Cortical Neurons. Cytoplasmic expression and accumulation of GFP in transduced cells after AAV2-GFP delivery was used to assess the localization of transduced neurons after thalamic infusion in NHPs. GFP expression was analyzed in both the thalamus and frontal cortex to investigate correlations between the distribution of AAV2 vector in the thalamus and the transduction of neurons in specific regions of the cortex indicative of thalamocortical axonal trafficking of AAV2 vectors.
Distribution of AAV2-GFP infusion within the thalamus was assessed in 4 NHPs (ID numbers V422, V632, V655, and V991) with respect to specific thalamic nuclei containing GFPimmunopositive neurons. Because of slight differences in cannula positioning, each animal showed some discrepancy in the thalamic distribution of GFP staining [supporting information (SI) Fig. S1 ]. In brief, AAV2-GFP transduction within the thalamus was most extensive in monkey V422, with GFP expression seen throughout the ventral lateral, ventral anterior, and mediodorsal nuclei and extending rostrally into the anterior nucleus. Monkey V632 showed a more posterior infusion, with GFP-positive neurons extending from the ventral anterior to ventral posterior nuclei. Monkey V655 exhibited restricted distribution of GFP-positive neurons, contained mainly within the mediodorsal and ventral lateral nuclei. Monkey V991 received a slightly more lateral infusion of AAV2-GFP, resulting in transduction of the ventral lateral and ventral anterior nuclei, with GFP expression also observed in the internal capsule. Evidence of vector leakage/reflex back up the cannula tract into the lateral ventricle was seen in monkeys V655 and V991, but not in the other 2 animals. This leakage resulted in a smaller area of transduction in the thalamus. Within the cerebral cortex, GFP-positive neuronal cell bodies and processes were clearly distinguishable by immunocytochemical staining. Most GFP-positive neurons were identified as pyramidal neurons located in lamina V/VI. (Fig. 3A and B) ; however, other GFP-positive cells with the morphology of nonprojection basket neurons and glia were found in smaller numbers ( Fig. 1 C and D) . In addition, we also observed areas in which GFP staining was localized to fibers in lamina IV ( Fig.  1 E and F) . In contrast to the dispersed GDNF staining, all GFP staining was clearly localized to neuronal structures, indicating intracellular accumulation of GFP specifically within neurons, compared with the secretion and extracellular diffusion of GDNF.
Systematic scanning of GFP-immunostained coronal sections from the 4 monkeys identified specific regions of the frontal cortex that contained GFP-positive neurons. As for AAV-GFP transduction of thalamic neurons, the distribution of GFPpositive cells in the cortex was slightly different in each monkey ( Table 1 ). The secondary motor cortex (area 6) and frontal eye fields (area 8) were the main regions in which the majority of GFP-positive neurons were consistently found. In each monkey, the anterior cingulate cortex (areas 24 and 32) also contained GFP-positive neurons. GFP-positive neurons also were found in other cortical areas, including the primary motor cortex (area 4), somatosensory cortex (areas 3 and 2), posterior cingulate cortex (areas 23 and 31), and Broca's area (areas 44 and 45). As summarized in Table 1 , monkey V422 had a considerable distribution of GFP-positive neurons in the frontal eye fields and Broca's area. Monkey V632 was the only animal with GFP expression in the primary somatosensory cortex but lacked any expression in Broca's area. Monkey V655 displayed diffuse distribution of GFP-positive cortical neurons across most of the cortical areas analyzed. Monkey V991 had restricted expression, with GFP-positive neurons found only in the anterior cingulate cortex, secondary motor cortex, and frontal eye fields. No GFP-positive cells were found in the hemisphere contralateral to the infusion site or subcortical nuclei other than the AAV2-GFP infused thalamus.
Discussion
Efficient delivery of therapeutic proteins to the brain remains a serious, and frequently unappreciated, obstacle to achieving clinical efficacy while minimizing adverse effects. Developments in gene delivery have provided an opportunity to establish production of biologics within the brain parenchyma. These advances have led to the initiation of multiple clinical trials in which AAV2 vectors have become a preferred vector system for treating neurologic disorders (4). Although focal targeting of a specific nucleus can be reliably accomplished by stereotactic neurosurgical infusion, the extensive convoluted arrangement of the human cortex is not easily targeted by direct infusion of viral vectors. The difficulties in safely achieving widespread gene expression in the brain have hindered the development of potential treatments for lysosomal storage diseases (25, 26), Canavan's disease, and dementia, including Alzheimer's disease. With AAV2 emerging as the preeminent vector for neurologic gene delivery, we investigated an alternative route of AAV2 delivery to the cortex via axonal trafficking along thalamocortical projections. The cerebral cortex is the major recipient of thalamic efferent projections.
Initially, we used GDNF as a secreted reporter protein with no known function in the cerebral cortex. We infused AAV2-GDNF into the thalamus and found high concentrations of GDNF in the frontal cortex. GDNF in the cortex appeared to be largely localized to laminae III and IV, where the majority of thalamocortical axons are known to innervate (27, 28) , indicating secretion from the thalamic terminals. In addition to the extracellular GDNF staining, many lamina V/VI pyramidal neurons within the same cortical areas also contained GDNF, suggesting transduction of cortical neurons by AAV2-GDNF. Many of the GDNF-positive neurons in the frontal cortex were located 20 mm from the AAV2-GDNF infusion site, a distance significantly greater than can be explained solely by vector infusion. With no significant GDNF expression detected outside the cortex and thalamus, this specific transportation between the thalamus and cortex suggests axonal transportation of both GDNF protein and AAV2 vector.
We further investigated the axonal trafficking of AAV2 with AAV2-GFP, because, unlike GDNF, GFP remains cytoplasmic and thus is indicative of direct cellular transduction. Theoretically, cytoplasmic staining of cortical neurons for GDNF could result from the uptake of secreted GDNF. By mapping the localization of GFP-positive neurons in the frontal cortex of each monkey and analyzing this transduction of cortical cells in conjunction with the observed thalamic distribution, we were able to infer some of the known topographical organization of the thalamocortical projections (29, 30) , suggesting active transportation of AAV2 vector along single axonal projections. In the most restricted thalamic infusion, GFP was contained largely within neurons of the mediodorsal and ventral lateral thalamic nuclei. Therefore, with this restricted infusion as a starting reference, we assumed that the finding of GFP-positive neurons in the secondary motor cortex and prefrontal cortex of each monkey was due, at least in part, to AAV2 vector transport along axonal projections connecting the medial thalamic nucleus and secondary motor cortex. Congruent with our observations, thalamic neurons of the medial nuclear group have been shown to send efferent projections to the areas of the frontal cortex (21, 31) . A slightly more anterior infusion that transduced the ventral anterior and ventral lateral thalamic nuclei resulted in a very similar pattern of cortical GFP expression as that from medial thalamic infusion, with GFP-positive cells observed in the anterior secondary motor cortex, cingulate cortex, and frontal eye fields. Although the thalamocortical projections are very topographically organized, there is considerable overlap in cortical connections, especially from adjacent thalamic structures. Spread of AAV2-GFP transduction into the anterior thalamic nucleus generated GFP-positive neurons in Broca's area, whereas a more caudal spread to the ventral posterior thalamic nucleus led to GFP-positive neurons in more posterior cortical areas, such as the primary somatosensory cortex and primary motor cortex. Reciprocal projections between specific thalamic nuclei and cortical areas hinder an absolute determination, based on our findings, of whether AAV2 is being trafficked anterogradely or retrogradely. Transduction of neurons that project to the thalamus potentially could occur through incorporation of the AAV2 vector particle at the axon terminal and intracellular transportation back to the cell body. Retrograde transport of AAV has been shown to occur via receptor-mediated internalization at the axon terminal, followed by microtubule-mediated transport to the nucleus (32, 33) , and has been used in the targeting of motor neurons by intramuscular AAV vector injection (21) . Although retrograde-mediated transduction may explain the AAV2 vector transduction of lamina V/VI pyramidal neurons that send their efferent projections to the thalamus (34), we found GFP-positive nonpyramidal neurons as well. To transduce cortical neurons without thalamic projections, intact AAV2 vector itself must be transported to the cortex before cortical cells are transduced. The correlation between the topological organization of thalamocortical projections and the observed areas of cortical transduction suggests that transfer of AAV2 vector to the cortex is mediated by anterograde axonal transportation. The possible anterograde transport of other AAV serotypes 1 and 9 in the mouse brain was reported recently (35) ; however, reciprocal projections and the small size of the mouse brain precluded a conclusive determination of transport mechanisms. Identifying the mechanisms of axonal transportation of AAV would be valuable; possibly, the relatively poor transduction efficiency of AAV vectors, combined with the need for very high titer infusions, allows extensive transportation of these vectors before host cells are transduced.
The discrepancies in the distribution of cortical neuronal transduction found in the present study demonstrate the potential ability of targeted infusions of specific thalamic nuclei to obtain transgene expression in restricted areas of the cortex. They also highlight the need for intraoperative imaging of gene delivery vector infusions, to ensure correct infusion of the vector into the target structure (36) (37) (38) . Leakage during vector infusion into nonthalamic areas, such as the internal capsule and lateral ventricle, was observed in 2 of the 4 monkeys. This leakage resulted in reduced transduction of the targeted thalamus and, consequently, decreased transportation to cortical regions.
Overall, our understanding of AAV vector transport is relatively poor, with parenchymal CNS gene delivery viewed largely as a procedure for localized delivery. Nonetheless, our findings underscore the unrealized potential for AAV2 vectors to trans- duce neurons located a considerable distance from the infusion site. Although the CED approach is potentially useful for gene delivery to dispersed regions of the CNS, it also carries clinical safety concerns associated with the use of AAV vectors intended to exclusively target a localized region of the CNS.
Methods
Surgical Delivery. Recombinant AAV2 vectors containing either human GDNF cDNA (AAV2-GDNF) or GFP cDNA (AAV2-GFP) under the control of cytomegalovirus promoter were infused into the right thalamus of 6 adult rhesus monkeys using a CED protocol described previously (6) . All experiments were performed in accordance with National Institutes of Health guidelines and with protocols approved by the University of California San Francisco's Institutional Animal Care and Use Committee.
Production of AAV. Recombinant AAV2-GDNF was generated through a tripletransfection technique (39, 40) . AAV2-GFP was produced in insect cells with a recombinant baculovirus (41) . Both vectors underwent CsCl gradient centrifugation to remove empty capsids. AAV2-GFP and AAV2-GDNF were obtained at stock concentrations of 1.0 ϫ 10 13 and 1.1 ϫ 10 13 vector genomes per mL in PBS (pH 7.4) and Pluronic F-68 (0.001% vol/vol), respectively.
Immunohistochemistry.
Immunostaining with antibodies against GDNF (1:500, AF-212-NA; R&D Systems) and GFP (1:500, AB3080; Chemicon) was performed on Zamboni fixed 40-m coronal sections covering the entire frontal cortex and extending in a posterior direction to the level of the thalamus. The localization of GDNF and GFP immunopositive neurons was analyzed with reference to The Rhesus Monkey Brain in Stereotactic Coordinates (42) to identify specific areas of immunostaining in the cortex and thalamus.
GDNF Protein ELISA. Tissue punches from 3-mm coronal blocks of fresh frozen tissue were obtained from cortical, thalamic, and striatal regions of an AAV2-GDNF-infused monkey, as indicated on the GDNF immunostained sections from adjacent tissue blocks shown in Fig. 1 . The level of GDNF protein expression was quantified using a commercial GDNF ELISA kit (Emax GDNF ELISA, Promega) specific for human GDNF.
